Abstract: A design criterion is developed to achieve the following goals simultaneously: (i) input-output decoupling of multivariable feedback systems; (ii) complete and arbitrary closed-loop pole assignment; (iii) desired zero assignment for reference signal tracking; and (iv) robust stabilisation of multivariable feedback systems subjected to time-varying nonlinear uncertainties. Thus, the requirements of performance as well as stability robustness of a multivariable feedback system will be simultaneously met by employing this design criterion. Moreover, by minimising H"-norm of each channel of the closed-loop transfer matrix, we can obtain the robustness optimisation of the system, i.e., we can predict the maximum slope of the sector-bounded nonlinear uncertainties that can be tolerated in each channel of the system. A practical example, the lateral flight control of CCV (control configured vehicle), is given to illustrate the validity of the proposed design algorithm.
Introduction
In control systems the pole dominates the transient response as well as the system stability and so many studies [l, 21 have addressed pole assignment design. In addition, since the zero of a system plays an important role in the interaction between the system and its external environment, a great deal of research [3, 41 has gone into achieving reference signal tracking by assigning appropriate zeros. Thus, the pole-zero assignment of a control system is important for a system to achieve desired performance requirement. Another important control strategy is the robust stabilisation problem, i.e., the ability to maintain system stability under plant uncertainties. Cruz robust stability of a multivariable control sytem under parameter variation. Dickman and Sivan [8] have shown that among the different, not necessarily diagonal, closedloop transfer matrices which have the same diagonal elements, the diagonal closed-loop transfer matrix has the greatest robustness for a multivariable system. Allowable perturbations are discussed in References 9 and 10 for maintaining stability of uncertain systems. These results are concerned only with stability robustness, they d o not deal with the robustness for maintaining a certain performance. Robustness results which do address the performance problem are found in References 11 and 12.
The primary purpose of this paper is to outline a design criterion for achieving the input-output decoupling (i.e. obtaining the diagonal closed-loop transfer matrices) of multivariable feedback systems and the robust stabilisation of systems subjected to time-varying nonlinear uncertainties with desired pole-zero assignment. By appropriately assigning the poles and zeros of the sensitivity matrix and simultaneously satisfying the robustness requirement, the proposed design algorithm ensures:
(i) input-output decoupling of multivariable feedback systems;
(ii) complete and arbitrary closed-loop pole assignment;
(iii) desired zero assignment for reference signal tracking;
(iv) robust stabilisation of multivariable feedback systems subjected to time-varying nonlinear uncertainties.
Moreover, by minimising H"-norm of each channel of the closed-loop transfer matrix, we can obtain the robustness optimisation of the system, i.e., we can predict the maximum slope of the sector-bounded nonlinear uncertainties that can be tolerated in each channel of the system.
The notations used in this paper are as follows: deg(*)
denotes the degree of the polynomial *. diag(.) denotes a diagonal matrix. 11 11 denotes the Euclidean norm. The H"-norm of a transfer function G(s) is
and B I B 0 stands for bounded-input bounded-output.
Problem formulation
Consider the multivariable feedback system subjected to time-varying nonlinear uncertainties shown in Fig. 1 Let the nominal plant of the system in Fig. 1 be factorised as
where the pairs (A(s), B(s)) and (Bl(s), A,(s)) are the left and right coprime polynomial matrix factorisations of the plant, respectively. The sensitivity matrix is defined as For the input-output decoupling, reference signal tracking and desired closed-loop pole assignment, the sensitivity matrix must be of the form
where yi(s), i = 1, , . . , n are Hurwitz polynomials with desired closed-loop poles and wi(s), i = 1, . . . , n are undetermined polynomials which should be determined to satisfy the internal stability constraints.
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For application to any stable or unstable, minimum or nonminimum phase system, we first derive a pole-zero assignment control law which satisfies the internal stability of the multivariable feedback system in the nominal case, i. E ; '(s)(I -S(S)) = X ( S ) (8) Remark: If S(s) satisfies the requirements of internal stability, then we can directly obtain the controller as
without worrying about any unstable hidden mode.
Assume
From eqns. 5, 11 and 12, we obtain
s,(s)a"l(s)
. ' . s,(s)a,,(s)
B , '(s)(l ~ S(S)) = Define the polynomials
where ii is the number of distinct poles pil of the ith row 
(ii) the numerator polynomial of si(s) is divisible by
byPi(s)fori= 1, ..., n.
Remark:
If there exists any pair (ads), pi(s)) which is not coprime, then it is impossible for S(s) to achieve the internal stability.
From condition (ii) of Lemma 2, the numerator polynomial of s , (~) must contain ais), and from eqn. 5, the I numerator of s,(s) must also contain mi(s). Thus the numerator of si(s) must contain the least common multiplier of q(s) and m,(s) for i = 1, . . , , n, i.e., where z,(s), i = 1, . . . , n are the least common multipliers of %is) and mis) while li(s), i = 1, . . . , n are undetermined polynomials. To satisfy the requirement of causality of the closed-loop system, the sensitivity matrix must be proper, i.e.,
From eqn. 17, we have and from condition (iii) of Lemma 2, the numerator of 1 -SAS) must contain his). Thus we have 
C(S) = P-'(s)s-l(s)(I -S(S))
to some specific performance criteria. In the following, 1,(s), i = 1, ..., n are determined to satisfy the stability robustness requirement, and furthermore to minimise the H"-norm of each channel of the closed-loop transfer function to obtain the robustness optimisation of the system.
4
In the following, we consider the robust stabilisation of the feedback system subjected to sector-bounded nonlinear uncertainties.
Robust stabilisation of time-varying nonlinear uncertainties
Theorem 2 [SI: The feedback system in Fig. 1 is B From the above analysis, the objective of the robust stabilisation control design of feedback systems subjected to sector-bounded nonlinear uncertainties is to adjust the controller C(s) such that the sensitivity function S(s) satisfies the internal stability of Lemma 2 with desired pole-zero assignment and the robust stability given in eqn. 22.
Thus, we obtain the following design algorithm for the robust stabilisation of multivariable feedback systems with desired performance requirement:
Step Step 2: Choose diagonal sensitivity matrix S(s) = diag [Sl(S), , , , ? s.(s)l.
Step 3: From eqn. 20, solve l,(s) and h(s) with free parameters, where gi(s), i = I, . . . . n are determined by the desired closed-loop poles for each channel.
Step 4 : By satisfying eqn. 22, determine the free parameters of li(s) in eqn. 19. And then S(s) is also determined.
Step 5 : Obtain the controller C(s) as in eqn. 21.
Remark: Moreover, we can minimise 11 1 -si (1 ~, i = 1, . . . , n to obtain the robustness optimisation of the system with desired pole-zero assignment, i.e., we can predict the maximum slope 1 min /I 1 -si 11 1 .
Pi,,, = of the sector-bounded nonlinear uncertainties that can be tolerated in each channel of the multivariable feedback system. 5 Example A practical example, the lateral flight control of CCV (control configured vehicle) [14] , is given to illustrate the validity of the proposed design algorithm. Let us consider the system illustrated in Fig. 1 with the nominal plant P(s) described as above. We will synthesise a controller for: I/ v 11 u(t) 11 < Another design objective is to derive the maximum slopes plmax, pz,, and p3,x of the sector-bounded nonlinear uncertainties that can be tolerated in each channel of the feedback system under requirements (Q), (b) and (c). 
Then we obtain ai@) and Pis) for i = 1, 2, 3 as follows: that can be tolerated in the feedback system. These satisfy the circle criterion and Nyquist criterion, thus the robust stability is ensured. Similarly, the Nyquist diagrams of the loop gain for channels 2 and 3 with pz1 = -46, 385 and 903 and p31 = 164,254 and 344 shown in Figs. 3 and 4 also satisfy the circle criterion and Nyquist criterion, thus the robust stability is ensured. For Item (b), the algorithm given in Reference 16 (Section 4.1) is adopted to design an M-file to obtain the left and right coprime factorisations of a transfer function matrix.
For Item (c), an M-file is written to construct the adjoint matrix and the determinant of a transfer function matrix by using the convolution function of the MATLAB toolbox. For a rational matrix which is proper and not strictly proper, a more efficient algorithm given in Reference 16 (Section 7.1) is used to design an M-file to obtain the inverse of a transfer function matrix.
For Item (4, the algorithm given in Reference 17 is adopted to design an M-file to calculate the H"-norm of a transfer function by using the transfer function to statespace conversion function of the MATLAB control system toolbox and the eigenvalue function of the MATLAB toolbox.
Conclusion
A design criterion has been developed to simultaneously consider the performance and the stability robustness of a multivariable feedback system. Moreover, by minimising H"-norm of each channel of the closed-loop transfer matrix, we can predict the maximum slope of the sector-bounded nonlinear uncertainties that can be tolerated in each channel of the feedback system. Since the requirements of internal stability are satisfied, this design algorithm performs appropriately, even if the plant is unstable and/or nonminimum phase. 
